Abstract. This paper presents the application of a new meta-heuristic called Grey Wolf Optimizer (GWO) which inspired by grey wolves (Canis lupus) for solving economic dispatch (ED) problems. The GWO algorithm mimics the leadership hierarchy and hunting mechanism of grey wolves in nature. Four types of grey wolves such as alpha, beta, delta, and omega are employed for simulating the leadership hierarchy. In addition, the three main steps of hunting: searching for prey, encircling prey and attacking prey are implemented. In this paper, GWO was demonstrated and tested on two well-known test systems with practical constraints. A comparison of simulation results is carried out with those published in the recent literatures. The results show that the GWO algorithm is able to provide very competitive results for nonlinear characteristics of the generators such as ramp rate limits, prohibited zone and non-smooth cost functions compared to the other well-known metaheuristics techniques.
Introduction
Economic dispatch (ED) is an important optimization task in power system operation and planning by allocating of generators to minimize the total operating cost and to meet load demand of the power system while satisfying various equality and inequality constraints. Improvements in scheduling the unit outputs can lead to significant cost savings. However, unfortunately, in practical ED, the input-output characteristics of modern units are inherently highly nonlinear because of ramp rate limits, prohibited operating zones, valve point effects and multi-fuel options which may generate multiple local minimum points in the cost function. Thus, various investigations on ED problems have been taken in order to save more operating cost.
The application of meta-heuristic optimization techniques to solve ED problems have become very popular over the last two decades especially Genetic Algorithm (GA), Particle Swarm Optimization (PSO) and Ant Colony Optimization (ACO) which have been applied in various fields of study. There are four reasons meta-heuristic have become remarkably common. They are simplicity, flexibility, derivation-free mechanism, and local optima avoidance [1] . Firstly, they have been inspired by simple concepts with respect to physical phenomena, animals' behaviors, or evolutionary concepts. Secondly, flexibility refers to the applicability of meta-heuristics to different problems without any special changes in the structure of the algorithm. Thirdly, the majority of meta-heuristics have derivation-free mechanisms. In contrast to gradient-based optimization approaches, meta-heuristics optimize problems stochastically. Finally, meta-heuristics have superior abilities to avoid local optima compared to conventional optimization techniques. This is due to the stochastic nature of meta-heuristics which allow them to avoid stagnation in local solutions and search the entire search space extensively. Thus, the new meta-heuristic, GWO proposed by S. Mirjalili [1] is implemented in solving ED problems in this paper.
The No Free Lunch (NFL) theorem [2] is worthy mentioning here. In other words, a particular meta-heuristic may show very high promising results on certain problems but at the same time may show poor performance on different set of problems. Undoubtedly, it makes this field of study highly attracting which encourages us to enhance the currently existing optimizaton methods or develop the new one. GWO shown high promising results in ramp rate limit and prohibited zone, system with transmission losses but less remarkable in power generating system without transmission losses and valve point effects.
Economic Dispatch Problems
The Objective of Economic Dispatch is to minimize the fuel cost while satisfying several equality and inequality constraints. Hence, the problem is formulated as below.
Economic Load Dispatch Formulation:
The primary concern of ED problem is to minimize of its objective function. The objective function is formulated as below, where F t is total fuel cost, N is number of generating unit and F i (P i ) is operating fuel cost of generating unit i.
Minimization of Fuel Cost:
The generator cost curve is represented by quadratic functions and the total fuel cost F(P i ) in (RM/h) can be expressed as:
where N is the number of generators; a i , b i , c i are the cost coefficients of the i-th generator and P i is the vector of real power outputs of generators.
Power Balance /Equality Constraint: The total generated power must cover the total power demand P D and the real power of transmission loss, P loss which can be defined as:
To achieve accurate economic dispatch, the transmission loss can be formulated by B-matrix method. 
where P j is the output generation of unit j (MW), B ij is the ij-th element of the loss coefficient square matrix. B i0 is the i-th element of the loss coefficient. B 00 is loss coefficient constant.
Generation Capacity /Inequality Constraint: For stable operation, the real power output of each generator is restricted by lower and upper limits as follows:
Ramp Rate Limits: Practically, the output power of each generator is limited to increase and decrease to a constant quality of power over a certain time interval due to the physical limitation of generators [3] [4] . The inequality constraints due to ramp rate limit for unit generation changes are given as below, where P i is the current output power, and o i P is the previous output power.
i UR is the up ramp limit of the i-th generator (MW/time-period); and i DR is the down ramp limit of the i-th generator (MW/time-period).
if generation is decreases (7) The generator operation constraints with the ramp rate limit now expressed as:
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Prohibited Operating Zones: Generations' unit may have prohibited operating zones due to the physical limitations of power plant components such as vibrations in a shaft bearing that are amplified in a certain operating regions. The best economical approach is achieved by adjusting the generation output i P of a unit avoid the unit operation in the prohibited zone. The feasible operating zones of unit i can be described as follows: where j is the number of prohibited zones of unit i.
Grey Wolf Optimizer (GWO)
GWO algorithm mimics the leadership hierarchy and hunting mechanism of grey wolves in nature. Four types of grey wolves such as alpha, beta, delta, and omega are employed for simulating the leadership hierarchy. In addition, the three main steps of hunting: searching for prey, encircling prey and attacking prey are implemented. The details algorithm of GWO can be obtained in [1] .
GWO for ED Problems
Firstly, a set of candidate for solution, X sa,ng is initialized. This comprises of the number of generations of the system that will be optimized which resulted a minimum cost by fulfilling all the constraints. The variables of the optimal ED are expressed as follows:
where sa is the number of search agent and n g is the number of generator plant in the system which is generated randomly for initialization. Eq. (2) was applied in the performance evaluation of the ED problem until the optimum cost is achieved. For inequality constraints, similar to any other techniques, when the solutions obtained for any iteration are out of boundaries, GWO chooses the boundaries values, while for equality constraint, when it is violated, the penalty factor, PF is implemented and embedded in the cost function, as follows:
The algorithm will continue until the maximum iteration is met and the optimum result is obtained.
Simulation Results & Discussion
All simulations for solving ED problem using GWO are implemented using MATLAB. The GWO algorithm has been tested on two test systems: 6 units and 15 units systems which are normally used when testing the practical ED problems. 6-units system: The system comprises 26 buses including 6 thermal units and 46 transmission lines. For this study, the load demand is 1263MW. The characteristics of the six thermal units are given in [5] . 15-units system: The system contains 15 thermal units where the characteristics of this system can be obtained in [5] . The load demand of the system is 2630MW.
The best results of GWO together with other published methods [6] [7] [8] [9] [10] [11] [12] are shown in Tables 1  and 2 respectively. The results obtained satisfying the system constraints, such as ramp rate limits and prohibited operating zones of units. Besides, the result obtained by GWO is the second best compared to other optimization techniques for both test systems. The most important issue is the Applied Mechanics and Materials Vol. 785 513 mentioned results are obtained by only 10 iterations with 20 populations. This indicated that GWO optimization has better convergence rate and obviously superior in economic dispatch with practical constraints for both test systems. 
Conclusion
The implementation of GWO into ED problems has been discussed in this paper. The results obtained show that GWO have been successfully implemented to solve the practical constraints of ED problems besides GWO is able to provide very competitive results in terms of minimizing total fuel cost and lower transmission loss. It has been observed that the GWO has the ability to converge to a better quality near-optimal solution and possesses better convergence characteristics than other prevailing techniques reported in the literatures. It is also clear from the results obtained by different
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Recent Trends in Power Engineering trials that the GWO shows a good balance between exploration and exploitation that result in high local optima avoidance. Thus, this algorithm may become very promising for solving some more complex engineering optimization problems for future researches.
